Using rat liver microsomal preparations, we have investigated the activation of the anti-estrogen compound tamoxifen (TAM) and its metabolite 4-hydroxytamoxifen (4-OH-TAM) to form 8-hydroxy-2'-deoxyguanosine (8-OHdG) in DNA. When reduced nicotinamide adenine dinucleotide phosphate (NADPH) was used as a cofactor in microsomal activation of either TAM or 4-OH-TAM, the levels of 8-OH-dG were 3-fold higher than in microsomes plus cofactor only. In contrast, no significant increase in the level of 8-OH-dG was detected in DNA samples from microsomal activation of either TAM or 4-OH-TAM with cumene hydroperoxide as the cofactor. These results demonstrate that the microsomal activation of TAM and 4-OH-TAM to form 8-OH-dG is dependent upon the cofactor used. The addition of either EDTA or catalase to the activation system significantly decreased the formation of 8-OH-dG by TAM, but not by 4-OH-TAM. The presence of either sodium azide, superoxide dismutase or mannitol inhibited the formation of 8-OH-dG by both TAM and 4-OH-TAM. Taken together these findings indicate that microsomal activation of TAM and 4-OH-TAM with NADPH generates reactive oxygen species which result in the formation of 8-OH-dG. We propose that the formation of 8-OH-dG by TAM and its metabolites may contribute to the observed carcinogenic effects of TAM The use of the anti-estrogen tamoxifen (TAM*) to treat breast cancer has been associated with an increased risk of uterine cancer (1). TAM is a strong liver carcinogen in rats (2). DNA adduct formation has been detected in the livers of rats, mice and hamsters treated with TAM (3-5). Metabolic activation of TAM is required for DNA adduct formation (6). Metabolism of TAM in rat and human liver microsomal activation systems produces a variety of products, including 4-hydroxytamoxifen (4-OH-TAM) (7). Recent studies from this laboratory have demonstrated that primary metabolites of TAM can be further activated using rat liver microsomes to form DNA adducts and that the DNA adducts formed were dependent upon the cofactor used (8,9). The DNA adducts formed by microsomal activation of TAM with reduced nicotinamide adenine dinucleotide phosphate (NADPH) as the cofactor were clearly different from those formed with cumene hydroperoxide (CuOOH) as the cofactor (6). These results suggest that the reactive intermediates formed by microsomal activation of TAM were dependent upon the cofactor used.
The use of the anti-estrogen tamoxifen (TAM*) to treat breast cancer has been associated with an increased risk of uterine cancer (1). TAM is a strong liver carcinogen in rats (2) . DNA adduct formation has been detected in the livers of rats, mice and hamsters treated with TAM (3) (4) (5) . Metabolic activation of TAM is required for DNA adduct formation (6) . Metabolism of TAM in rat and human liver microsomal activation systems produces a variety of products, including 4-hydroxytamoxifen (4-OH-TAM) (7) . Recent studies from this laboratory have demonstrated that primary metabolites of TAM can be further activated using rat liver microsomes to form DNA adducts and that the DNA adducts formed were dependent upon the cofactor used (8, 9) . The DNA adducts formed by microsomal activation of TAM with reduced nicotinamide adenine dinucleotide phosphate (NADPH) as the cofactor were clearly different from those formed with cumene hydroperoxide (CuOOH) as the cofactor (6) . These results suggest that the reactive intermediates formed by microsomal activation of TAM were dependent upon the cofactor used.
•Abbreviations: TAM, tamoxifen [Z-(l-(4-(2-dimethylarrunoethoxy)phenyl> 1,2-diphenyl-l-butene]; 4-OH-TAM, 4-hydroxytamoxifen; NADPH, reduced nicotinamide adenine dinucleotide phosphate; CuOOH, cumene hydroperoxide; 8-OH-dG, 8-hydroxy-2'-deoxyguanosine, SOD, superoxide dismutase.
In addition to the formation of DNA adducts, microsomal enzymes can mediate the redox cycling of compounds such as diethylstilbestrol or catechol estrogens to generate reactive oxygen species (10) . Superoxide radicals are formed by microsomal NADPH-dependent cytochrome P450 reductase-catalyzed reduction of diethylstilbestrol quinone (11). Superoxide can undergo either spontaneous or enzymatic dismutation to form H2O2 or singlet oxygen (12) . A variety of base oxidation products have been shown to result from the reaction of reactive oxygen species with DNA (13) . The modified base 8-hydroxy-2'-deoxyguanosine (8-OH-dG) is one of the identified products of oxidative base damage and it has been used as an indicator of oxidative DNA damage caused by a variety of agents (14) .
The purpose of this study was to determine if microsomal activation of either TAM or its metabolite 4-OH-TAM resulted in the formation of oxidative base damage as measured by 8-OH-dG.
Chemicals were purchased from Aldrich Chemical Co. Microsomes were prepared from the livers of female rats pretreated with phenobarbital as described previously (6) . A 2 ml reaction mixture, which contained 500 (j.g purified calf thymus DNA, 2 mg rat liver microsomes, 100 (J.M TAM or 4-OH-TAM, 5 mM NADPH or 1.5 mM CuOOH and 10 mM phosphate buffer, pH 7.4, was incubated for 2 h at 37°C. Control incubations were performed without the addition of either cofactor (NADPH or CuOOH) or substrate (TAM or 4-OH-TAM). To some of the reactions either 100 ^M EDTA, 150 U superoxide dismutase (SOD) (2800 U/mg from bovine liver; Sigma), 150 U catalase (4000 U/mg from bovine erythrocytes; Sigma), 100 mM sodium azide or 100 mM mannitol was added. The reaction mixtures were extracted several times with chloroform/isoamylalcohol (24:1). DNA was precipitated with sodium acetate and ethanol and the precipitate was washed three times with 70% ethanol. The DNA samples were dissolved in distilled water and stored at -20°C. The DNA concentration was measured using a modified diphenylamine assay (15) .
Aliquots of 50-100 |ig calf thymus DNA in 20 mM sodium acetate, 0.2 mM ZnCl 2 , pH 4.8, was hydrolyzed to nucleotides by 15 U nuclease PI incubated at 70°C for 15 min. The solution was adjusted to pH 7 with the addition of 20 |il 1 M Tris-HCl, pH 7. Two units of alkaline phosphatase were added and the incubation was continued at 37°C for 1 h. The Q. Ye hydrolysate was filtered with a 0.2 (im microfilter and analyzed by HPLC with an Alltech 5 (im C-18 reversed phase analytical column (4.6X250 mm) eluted with 10% methanol in 50 mM sodium phosphate buffer, pH 5.5. The 8-OH-dG content was measured with an electrochemical detector with electrode 1 at + 100 mV and electrode 2 at +400 mV. The 8-OH-dG standard was prepared according to literature procedures (16) . Quantification of 8-OH-dG in the samples was carried out by comparison with a calibration curve of 8-OH-dG (0.5-8 pmol) prepared daily.
The levels of 8-OH-dG in calf thymus DNA or in calf thymus DNA incubated with either TAM, rat liver microsomes, the combination of TAM plus microsomes or NADPH plus TAM were the same (Table I) . Compared with microsomes alone, the addition of NADPH to microsomes produced a 68-fold increase in the level of 8-OH-dG in DNA (P < 0.001). Activation of TAM with microsomes and NADPH produced a 3-fold increase in the level of oxidative base damage compared with microsomes plus NADPH (P < 0.001). In contrast to the above results with NADPH, the addition of CuOOH, either by itself or in combination with TAM, did not increase the level of 8-OH-dG in purified DNA.
The microsomal activation of 4-OH-TAM was also investigated (Table II) . Similarly to TAM, the addition of either 4-OH-TAM or the combination microsomes plus 4-OH-TAM did not produce an increase in the levels of 8-OH-dG. Incuba- /-test analysis: a versus b, P < 0.001; a versus c, P < 0.001; a versus d, P < 0.001; a versus e, P < 0001; a versus f, P < 0.001; g versus h, not significant; g versus i, not significant; g versus j, P < 0.001; g versus k, P = 0.004; g versus 1, P = 0.005.
tion of 4-OH-TAM plus rat liver microsomes but without co-factor also produced no increase in the 8-OH-dG content. However the combination of microsomes plus NADPH and 4-OH-TAM produced a 3-fold increase in the level of 8-OH-dG compared with NADPH and microsomes (P < 0.001).
The effect of various agents on the production of 8-OH-dG in DNA by microsomal activation of either TAM or 4-OH-TAM using NADPH was investigated (Table III) . The addition of the chelating agent EDTA inhibited the production of 8-OHdG by TAM by ~95%. A similar addition to microsomes plus 4-OH-TAM did not change the level of 8-OH-dG. A comparable result was found with the addition of catalase. The addition of catalase inhibited the formation of 8-OH-dG by TAM by 95%, but had no significant effect on the formation of 8-OH-dG by 4-OH TAM. SOD reduced the formation of oxidative base damage by 75% with TAM and 60% with 4-OH-TAM. The singlet oxygen scavenger sodium azide prevented the formation of 8-OH-dG by 94 and 82% for TAM and 4-OH-TAM respectively. The hydroxyl radical scavenger mannitol inhibited the production of oxidative base damage by 75 and 50%.
Using rat liver microsomal preparations we have investigated the activation of TAM and its metabolite 4-OH-TAM to cause oxidative base damage. In control experiments with microsomes plus NADPH a significant increase in the levels of 8-OH-dG was detected. These results are consistent with the reported production of O2" and H2O2 by rat liver microsomes and NADPH (17) . Microsomal activation of TAM or 4-OH-TAM with NADPH produced a 3-fold increase in the level of 8-OH-dG compared with control incubations. In contrast, using CuOOH no significant increase in the level of 8-OH-dG was detected. These results demonstrate that microsomal activation of TAM and 4-OH-TAM leads to the production of oxidative base damage in purified DNA and that its production is dependent upon the cofactor used for the activation.
In previous investigations we have demonstrated that the microsomal activation of TAM and 4-OH-TAM led to the formation of DNA adducts in purified DNA (6, 8) . Similarly to the current studies, both the adducts produced and their levels were dependent upon the cofactor used for microsomal activation (6, 8) . Recent studies have demonstrated that treatment with many carcinogenic agents, including benzene, diethylstilbestrol, aflatoxin and 7,12-dimethylbenz[a]anthracene, results in the formation of both DNA adducts and oxidative base damage (11, (18) (19) (20) (21) . Therefore, it is likely that both of these forms of DNA damage contribute to the induction of point mutations and chromosomal aberrations and play an important role in the initiation and progression of tumorigenesis by TAM.
The nature of the reactive oxygen species leading to the production of 8-OH-dG was investigated with the use of a variety of inhibitors. Catalase was used to decompose H 2 O 2 produced during microsomal activation of TAM or 4-OH-TAM (12 (22, 23) . Addition of the enzymes catalase or SOD to the microsomal activation of TAM inhibited the production of 8-OH-dG by 95 and 75%. Similarly, the chelating agent EDTA and the hydroxyl radical scavenger mannitol (23) inhibited the formation of 8-OH-dG by 95 and 75%. Taken together, these results suggest that during the oxidation of TAM, the O 2~ produced both dismutates to H 2 O 2 and serves to reduce Fe 3+ to Fe 2+ . The presence of these two reactants results in hydroxyl radical formation and subsequent base oxidation production via a superoxide-assisted Fenton reaction (14, 22, 23) . This interpretation is supported by observations of O 2~ production on microsomal metabolism of TAM (24) . In contrast to the above results, the addition of EDTA or catalase to microsomes plus NADPH and 4-OH-TAM had no effect on the production of 8-OH-dG. The addition of SOD or the singlet oxygen quencher sodium azide (25) inhibited the formation of oxidative base damage by 60 and 80% respectively. We interpret these findings to suggest that singlet oxygen may be involved in the formation of 8-OH-dG by 4-OH-TAM (26) . Comparison of the results with TAM with those of 4-OH-TAM suggest that different reactive oxygen species are involved in the formation of oxidative base damage.
Recent studies have reported that TAM and 4-OH-TAM can inhibit the formation of 8-OH-dG in 12-O-tetradecanoylphorbol-13-acetate-stimulated HeLa cells (27) and lipid peroxidation in rat liver microsomes (28) . In these studies, TAM and 4-OH-TAM may be reacting with the generated oxidant to reduce the levels of 8-OH-dG and lipid peroxidation products. In our studies, TAM and 4-OH-TAM are being metabolized and this process leads to the generation of reactive oxygen species. Treatment of rats with TAM has been shown to result in decreased levels of reduced glutathione and increased levels of gluthathione S-transferase in liver, suggesting oxidative stress (29) . Taken together, these results suggest that TAM and its metabolites have both antioxidant and pro-oxidant characteristics. The contribution of these properties to the observed carcinogenic effects of TAM remain to be determined.
